Mnemonic processes are controlled by selective modification (weakening or strengthening) of connections between neurons (1) (2) (3) (4) (5) . To understand the precise molecular mechanisms by which this remarkably complex network encodes a given episode during learning is one of the major challenges in modern neuroscience (6) . Two kinds of memory storage mechanisms have been described: short-term memory (STM), lasting only a few minutes or hours and long-term memory (LTM), which persists for many weeks, months, years and even a lifetime (7) . Consolidation of LTM depends on de novo synthesis. Indeed, the first molecular distinction between STM and LTM emerged from studies with protein synthesis inhibitors more than 40 years ago: animals that were treated with drugs that block protein synthesis could not form LTM; yet, their STM was preserved. More than a century ago, Dr. Santiago Ramòn y Cajal, the great Spanish neuro-anatomist proposed that forming memories require neurons to strengthen their connections with one another. Now, it is widely accepted that information is stored in the brain as changes in the strength of synaptic connections. Like LTM, long-lasting, but not short-lasting changes, in the strength of synaptic connections depend on new protein synthesis. Such changes can be observed when neuronal activity is recorded in brain slices with microelectrodes in vitro.
Synaptic plasticity refers to the ability of the synapse to strengthen or weaken in response to experience. The best studied forms of synaptic plasticity are long-term potentiation (LTP) and long-term depression (LTD), which refer to facilitation and depression of synaptic strength, respectively (8) . LTP can be divided into two distinct temporal phases: early LTP (E-LTP), which depends on modification of pre-existing proteins, and is usually induced by one tetanic train and lasts 1-2 h, whereas late-LTP (L-LTP) requires new protein synthesis, is induced by repetitive tetanic trains and lasts for several hours (9) . There is emerging evidence that local protein synthesis at dendrites plays a key role in long-lasting forms of synaptic plasticity (10) . Recent genetic and molecular studies have cast new light on the molecular mechanisms underlying protein synthesisdependent synaptic plasticity and memory storage. We discuss here some of the molecular mechanisms by which translational control regulates changes in synaptic strength and memory storage.
Translational Control in Eukaryotes -
Translational control is defined as a change in the rate of translation of the mRNA per unit time. Translation is a complex process, which is divided into three steps: initiation, elongation and termination. Initiation is the step at which the ribosome is recruited to the mRNA and is thought to be the major ratelimiting step in the translation process under most circumstances and a frequent target for regulation (11, 12) . Translation of mRNA into protein begins after assembly of the initiator Methionine-tRNA (Met-tRNA i ), mRNA, and the 40S and 60S ribosomal subunits into an 80S ribosome in which the Met-tRNA i is positioned in the ribosomal P site at the initiation codon. The initiation process consists of several key events: i) formation of the 43S ribosomal initiation complex, ii) binding of the mRNA to the 43S ribosomal complex to form the 48S ribosomal initiation complex, iii) movement of the 48S ribosomal complex along the 5' untranslated region (5' UTR), and base pairing of the initiating AUG codon with the anticodon of Met-tRNA i and iv) 80S complex formation (12) .
As an early step in translation initiation, eIF2 (which is comprised of three subunits α, β and γ) binds the initiator Met-tRNA i and GTP, to form a ternary complex [eIF2•MettRNA i •GTP] (Figure 1 ). The 40S ribosomal subunit which is associated with other initiation factors (eIFs) binds to the ternary complex to form a 43S ribosomal complex.
Another key factor involved in the recruitment of the ribosome to the mRNA is the eIF4F complex. It consists of three subunits: (i) eIF4E, the cap-binding protein; (ii) eIF4A, an ATP-dependent helicase which unwinds the secondary structure in the 5' UTR; and (iii) eIF4G, a modular scaffolding protein that bridges the mRNA to the ribosome through interactions with eIF3 (which is bound to the 40S ribosomal subunit) (2, 13) . Once bound to the mRNA, the 43S ribosomal complex scans the 5' UTR until the initiation AUG start codon is encountered to form a 48S initiation complex. This is followed by joining of the 60S subunit after the release of eIFs, which is dependent on eIF5, a GTPase-activating protein (GAP) that hydrolyzes the GTP bound to eIF2 (12) . After initiation is completed, elongation factors are recruited to carry out the elongation of the polypeptide chain (14) . Upon recognition of a stop codon, termination factors promote the release of the polypeptide chain from the mRNA and ribosome.
Two major mechanisms control translation initiation: a) phosphorylation of the translation initiation factor eIF2α which inhibits the formation of the ternary complex and b) eIF4F formation, as controlled by the mammalian target of rapamycin (mTOR), which promotes the recruitment of the 43S ribosome to the 5'end of the mRNA. Translation initiation can also be regulated at the mRNA 3' end by controlling the poly(A) tail through the RNA binding protein CPEB (cytoplasmic polyadenylation element binding-protein).
eIF2α phosphorylation: a master switch of learning and memory -Phosphorylation of eIF2α on Ser51 blocks the GDP/GTPexchange reaction, which is catalyzed by eIF2B and is required to reconstitute a functional ternary complex for a new round of translation, thus causing a decrease in general translation initiation ( Figure 1B ) (15, 16) . In higher eukaryotes, the phosphorylation of eIF2α on Ser51 is a highly dynamic, regulated process that is controlled by four kinases and two phosphatase complexes. The four kinases are: the protein kinase activated by double stranded (ds) RNA (PKR); the heminregulated inhibitor kinase (HRI); the PKRlike endoplasmic reticulum (ER) kinase (PERK); and the general control nonderepressible-2 (GCN2) kinase ( Figure 1B ). The different kinases are activated by distinct forms of cellular stress (17, 18) .
Two phosphatase complexes dephosphorylate eIF2α (reviewed in (19) ). One complex consists of the eIF2α-specific regulatory subunit (CReP-constitutive repressor of eIF2α phosphorylation) and the catalytic subunit of protein phosphatase I (PPIc). The second complex consists of the related regulatory subunit (GADD34-growth arrest and DNA damage-inducible gene 34) and the catalytic subunit of PPIc. The regulatory subunits are thought to provide the specificity for the phosphatase complex for eIF2α.
While eIF2α phosphorylation suppresses general translation, it paradoxically stimulates the translation of a subset of mRNAs that contain short upstream open reading frames in their 5' UTR (16, 19) . The molecular mechanism underlying this unique translational control was elucidated in great detail for the transcriptional activator GCN4 mRNA in yeast (reviewed in (16, 20) ). In mammalian cells, the translation of the GCN4 metazoan counterpart, the transcriptional modulator ATF4 (activating transcription factor 4, also termed CREB2), is enhanced in response to eIF2α phosphorylation (21, 22) . Interestingly, ATF4 and its homologues play an important role as repressors of CREB (cAMP response element binding protein)-mediated gene expression in the brain, which is known to be required for longlasting changes in synaptic plasticity and LTM (23) (24) (25) .
Using genetic and pharmacological tools, Costa-Mattioli and colleagues demonstrated that eIF2α phosphorylation plays a crucial role in the conversion of STM to LTM (17) . In the hippocampus of eIF2α+/S51A mice, which are heterozygous for the Ser51Ala mutation and therefore the phosphorylation of eIF2α is reduced by approximately 50%, the formation of LTM is enhanced, as determined by a variety of behavioral tasks (17) . For instance, eIF2α+/S51A mice exhibit enhanced spatial LTM when tested in the Morris Water Maze (MWM) where animals use visual cues to find the location of a hidden platform in a circular pool. The enhanced LTM correlates with facilitated LTP in eIF2a+/S51A mice and also in mice lacking GCN2, the major eIF2α kinase in the brain (17, 26) . Thus, decreased eIF2α phosphorylation strengthens long-lasting synaptic transmission, which underlies longterm memory consolidation. Conversely, hippocampal infusion with a small molecule inhibitor (Sal003), which prevents eIF2α dephosphorylation, blocks both L-LTP and LTM formation (17) . Jiang and colleagues recently ruled out the possibility that the effects of eIF2α phosphorylation on LTM and LTP occur during development. By using a new pharmacogenetic mouse model in which eIF2α phosphorylation is selectively increased in CA1 hippocampal neurons from adult animals in a timedependent and inducible manner, they demonstrated that both L-LTP and LTM were impaired (27) .
How does eIF2α phosphorylation control L-LTP and long-term memory? Recent evidence supports the idea that eIF2α phosphorylation regulates L-LTP and longterm memory storage, through translational control of specific mRNAs, such as ATF4 mRNA. For instance, while general translation is not altered in CA1 neurons, ATF4 protein is increased in CA1 region from mice in which eIF2α is phosphorylated (27) . Consistent with these data, Sal003, which increases eIF2α phosphorylation, failed to suppress L-LTP in slices from ATF4 knockout mice, as compared to WT mice (17) . Thus, eIF2α phosphorylation causes up-regulation of ATF4 mRNA translation and consequently blocks the expression of long-lasting synaptic plasticity genes and hence memory formation. mTOR and eIF4F complex in synaptic plasticity and memory -mTOR, a PI3K-like kinase that phosphorylates a variety of proteins, integrates a large number of extracellular stimuli and intracellular cues to effect anabolic outputs in all cells. In synapses, mTOR is thought to be important for the activation of translation in response to neuronal activity (reviewed in (2) (4)). Rapamycin, which is a specific inhibitor of mTORC1 (see below), inhibits translation of a subset of mRNAs, possibly at synapses (28, 29) . mTOR complex I (mTORC1) contains Raptor (Regulatory Associated Protein of mTOR), LST8 (also known as GβL, G-protein β-subunit like protein), and PRAS40 (proline-rich Akt substrate of 40 kDa). It is sensitive to the drug rapamycin and regulates translation rates (30) .
The best-studied function of mTORC1 is regulation of translation (2,31). mTORC1 controls translation by regulating the formation of the eIF4F complex through 4E-BPs (eIF4E-binding proteins), which are small-molecular weight repressor proteins that compete with eIF4G for binding to eIF4E, and cause inhibition of capdependent translation (32) . mTORC1 phosphorylates the 4E-BPs, which causes their dissociation from eIF4E, thus stimulating the assembly of the eIF4F complex and subsequently translation (Figure 2 ). In contrast, the inhibition of mTORC1 leads to dephosphorylation of 4E-BPs and inhibition of eIF4F complex formation. An additional mechanism by which mTORC1 is thought to regulate translation is through phosphorylation of S6Ks (at threonine-389), which regulates the activity of eIF4B, a translational factor that cooperates with eIF4F to facilitate ribosome recruitment to the mRNA (33).
Most of the evidence for mTORC1 signaling in long-lasting synaptic plasticity and memory formation is based on the finding that rapamycin suppresses changes in synaptic strength in brain slices in vitro (34) (35) (36) (37) and partially blocks LTM in vivo (38, 39) . However, it is noteworthy that rapamycin does not block L-LTP in vivo in the dentate gyrus (40) , and exceptionally high doses of rapamycin are required to block contextual-fear memories in mice (41) . In addition, mutant mice lacking downstream targets of mTORC1 exhibit altered synaptic plasticity and memory. Surprisingly, S6K1-/-mice display impaired protein synthesis-independent E-LTP, but normal protein synthesis-dependent L-LTP (42, 43) , demonstrating that S6K does not control the translation of mRNAs that underlie L-LTP. In contrast, in Aplysia neurons S6K, but not 4E-BP, appears to be the major effector of mTORC1 for longterm facilitation (44) . In mammals, S6K appears to be mainly involved in the regulation of long-lasting decreases in synaptic strength since in slices from S6K2-/-mice (but not in those from S6K1-/-mice) mGluR (metabotropic glutamate receptor)-induced LTD is enhanced (42) . Lack of S6K1 leads to a variety of complex behavioral phenotypes, which include hypoactive behavior, impaired short-term fear memory, deficient conditioned taste aversion (CTA) and spatial memory and decreased contextual fear memory seven days, but not one day, after training and reduced latent inhibition of CTA, and normal spatial memory as determined by Morris water maze (43) .
Genetic deletion of 4E-BP2, the other major mTORC1 downstream target in the brain, also leads to alterations in synaptic plasticityand behavioral learning. 4E-BP2 -/-mice exhibit facilitated LTP when induced with weak tetanic train stimulation whereas L-LTP induced by four tetanic trains is impaired. Lack of 4E-BP2 not only alters LTP , but also changes LTD, since mGluR-LTD is facilitated in these mice (45) (46) (47) . A number of behavioral abnormalities in spatial memory, associative memory, fear conditioning and even working memory were observed in mice deficient in 4E-BP2 (46, 47) . Although these studies demonstrate that 4E-BP2 is important for synaptic plasticity and memory, they do not establish that 4E-BPs are the major mTORC1 downstream effectors in the brain.
Interestingly, 4E-BP2 cannot become phosphorylated in the adult mammalian brain, likely due to deamidation, a spontaneous post-translational modification that occurs 4 weeks post-natally only in the brain (48) . Thus, how eIF4F complex formation is regulated in response to neuronal activity remains to be determined.
Genetic deletions of the tuberous sclerosis complex proteins (TSC), which enhance mTORC1 activity, such as TSC2 +/-, TSC1 +/-as well as FKBP12-/-(immunosuppressant drug FK506 binding protein 12) generate disparate phenotypes with regard to plasticity and memory (see Table I ). In TSC2 +/-mice, an E-LTPinducing protocol generates a robust L-LTP, but long-term contextual fear memory is impaired. In contrast, in FKBP12 -/-mice, which exhibit enhanced mTORC1 activity as TSC2 +/-mice, E-LTP is normal and long-term contextual fear memory is enhanced (41, 49, 50) . Thus, it remains unclear whether the effect of mTORC1 upstream regulators on plasticity and memory is through mTORC1 or another downstream target.
CPEB in synaptic plasticity and memory -CPEB plays an important role in synaptic plasticity and memory formation. There are four related CPEBs in mammals (51) . CPEBs are mainly localized postsynaptically, where they are thought to control local translation (52) . Synaptic activity triggers polyadenylation and translation of the mRNA for the α subunit of calcium-/calmodulin-dependent protein kinase II (CaMKIIα), which contains a CPE in its 3' UTR (53) (54) (55) . Mice expressing the CaMKIIα mRNA, which lacks the 3'UTR exhibit impaired L-LTP and LTM (56) . E-LTP, but not L-LTP, is impaired in hippocampal slices from mice lacking CPEB-1 . Unexpectedly, CPEB1 -/-mice exhibit normal LTM (57), However, memory extinction, which is thought to be important for the allocation of new memories, is impaired in two the mutant mice (58) .
CPEB-1 is thought to control synaptic plasticity through c-Jun, whose expression is reduced in the hippocampus of CPEB-1 -/-mice (59), and transcriptionally regulates growth hormone (GH). Indeed, GH induces a deficient L-LTP in hippocampal slices from CPEB-1 -/-mice, as compared to WT controls.
CPEB is also found in Aplysia sensory neurons and its decrease by an antisense oligonucleotide led to impaired long-term synaptic strength (60) . In vitro and in vivo studies demonstrated that unlike their mammalian counterparts, ApCPEB (Aplysia CPEB) proteins exhibit prion-like properties (60, 61) . In addition, the neurotransmitter serotonin switches ApCPEB from a monomeric to a multimeric state and a neutralizing antibody against the multimeric state blocks long-term synaptic strength in aplysia neurons (61) . It would be interesting to investigate whether the multimeric state, but not the monomeric state in response to activity (serotonin), triggers the translation of specific mRNAs locally at synapses.
In summary, eIF2α and CPEB modulate synaptic plasticity and memory through translational control of the transcription factors ATF4 and c-Jun, respectively, suggesting that translational control of transcription may be a common mechanism by which translation controls memory processes.
Future Questions -Since the first studies linking learning and memory to translation (62) (63) (64) , our understanding of the relationship between translational control and cognitive functions has significantly advanced. The links between memory and translational control are summarized in Table 1 . In the next decades there is a plethora of research questions to be addressed. Some of the questions are:
-Given that 4E-BP2 cannot be phosphorylated in the adult brain, how is eIF4F complex-mediated translational control accomplished? Perhaps, other unidentified eIF4E-binding proteins are involved.
-Is mTORC1 involved in plasticity and memory? Genetic deletions which enhance mTOR activity such as TSC1 +/-, FKBP12 knockout or 4E-BP2 knockout mice generate disparate phenotypes with regard to plasticity and memory (see table I ). Thus, there is a need to obtain direct genetic evidence supporting the role for mTORC1 in these processes.
-What is the role of miRNAs in memory processes?
Figure Legends
Figure 1 -Regulation of synaptic plasticity, learning and memory via eIF2α phosphorylation. The ternary complex comprising the 3 eIF2 subunits (α, β and γ), GTP and Met-tRNA i, associates with the 40S ribosomal subunit. "Recycling" of the eIF2 ternary complex is mediated by eIF2B, which catalyzes the conversion of GDP to GTP on eIF2. This activity is regulated by eIF2α phosphorylation on Ser51; phosphorylated eIF2α inhibits eIF2B-mediated exchange of GDP to GTP, thus decreasing general translation initiation.
(A) Under standard conditions, there is sufficient supply of the ternary complex. This leads to optimal global translation. Under these conditions, the rate of ATF4 mRNA translation is low and subsequently CREB-dependent transcription is increased. This leads to optimal transcription of synaptic plasticity associated genes and the threshold for L-LTP and LTM is low. (B) Under conditions in which eIF2α is phosphorylated, the amount of ternary complex is reduced. ATF4 mRNA is translated at a high rate and thus the threshold for L-LTP and LTM is high. Figure 2 -The mTOR signaling pathway. mTOR is a critical downstream target of the phosphatidylinositol-3 kinase (PI3K) signaling pathway. Insulin response element (IRS1) "transmits" signals from the insulin and insulin-like growth factor-1 (IGF-1) receptors through PI3K and PI3K-dependent kinase 1 (PDK1), which phosphorylates Akt. mTOR forms two distinct protein complexes: mTORC1, which regulates translation, is sensitive to rapamycin and is defined by the scaffolding protein Raptor. mTORC1 phosphorylates 4E-BPs, S6K1, S6K2, and PRAS40. Akt can activate mTOR through phosphorylation and inhibition of TSC2 of the tuberous sclerosis complex. Phosphorylation of TSC2 leads to Rheb (Ras-homolog enriched in brain) activation, which in turn activates mTOR. Moreover, ERK can activate p90S6K (RSKribosomal S6 kinase) and in turn PDK1 (3-phosphoinositide-dependent protein kinase 1); ERK can also phosphorylate TSC2. Cap-dependent translation through formation of the eIF4F complex can be regulated by mTORC1 inputs through 4E-BPs and S6Ks Table I Table 1 by guest on April 29, 2016 
